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Background: Phryganic plants are herbs or subshrubs with erect shoots that grow at low altitudes under hot and
arid environmental conditions. Many phryganic plants are aromatic/medicinal plants and display the phenomenon
of seasonal dimorphism (Thymus sibthorpii, Satureja thymbra, Cistus incanus, Phlomis fruticosa, Teucrium polium, etc.).
Phryganic plants of the Mediterranean region are reported so far to be affected by summer drought stress. However, in
the present study, the phryganic plant Origanum dictamnus appears to be affected by winter cold stress rather than by
summer drought stress in the specific area. This triggered the investigation of the functional and structural traits
associated with adaptation of O. dictamnus to cold stress.
Results: Winter plants of O. dictamnus in order to stand up to the cold, shed all of their large leaves and keep only the
small apical leaves, which are covered with a thick insulating layer of dendroid non-glandular hairs. Epidermal and
mesophyll cells of apical leaves contain antioxidant vacuolar phenolics protecting from oxidative stress due to
low temperatures. Protection from oxidative stress is also provided by the antioxidant essential oils secreted by
the numerous glandular hairs. Concentrations of stress indicators like proline and soluble sugars, are always
higher in winter leaves compared to summer leaves. Principal components of the O. dictamnus essential oil are
p-Cymene, Carvacrol, γ-Terpinene, and Borneol. The major constituent of the winter oil is p-Cymene (59.2%) and
that of the summer oil Carvacrol (42.4%).
Conclusion: The presented results provide a structural and functional elucidation for the largely deviating
appearance of winter and summer plants of O. dictamnus, and favour the interpretation of adaptation of the
plant to cold stress.
Keywords: Cold stress, Leaf structure, Origanum dictamnus, Seasonal dimorphismBackground
Origanum dictamnus is a herbaceous perennial subshrub
that bears round to oval leaves arranged in a decussate
phyllotaxy and pink to purple flowers arranged in a spike
inflorescence. As a medicinal plant, it exhibits various
biological activities, such as antibacterial [1], antifungal
[2], antioxidant [3] and insecticidal [4], and it also has
therapeutical uses against sore throat, cough, and gastric
ulcer [5].
Origanum dictamnus is a seasonally dimorphic plant
undergoing pronounced changes in winter and summer.* Correspondence: artbos@bio.auth.gr
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article, unless otherwise stated.Winter low temperatures activate a number of genes stimu-
lating biosynthesis of reactive oxygen species (ROS), which
cause damage to the cells (oxidation of proteins and lipids)
[6]. Cells react by producing antioxidant enzymes and non-
enzymatic antioxidants, particularly phenolic compounds
[7]. Winter cold stress results in morphological alterations,
such as reduction of the total plant biomass, decrease
of the leaf surface area, curling of the leaves, covering
of the leaves with a dense layer of hairs, shedding of
the leaves, etc. Seasonal dimorphism has been anatom-
ically and physiologically studied so far in a few plants
only, primarily in Euphorbia, Phlomis, Cistus, Ballota,
and Sarcopoterium [8-13]. These studies have been princi-
pally focused on summer drought stress, and information
provided on winter cold stress is largely inadequate.BioMed Central Ltd. This is an Open Access article distributed under the terms
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
, provided the original work is properly credited. The Creative Commons Public
mons.org/publicdomain/zero/1.0/) applies to the data made available in this
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dictamnus) does not suffer summer drought stress, as
many other phryganic species, but winter cold stress,
gave rise to the present investigation on the structural
and functional traits associated with this kind of stress.
This is a first report on seasonal dimorphism and adapta-
tion to cold of O. dictamnus.
Results
Comparative observations on seasonal dimorphism
(winter-summer) of O. dictamnus showed that winter
plants consist of many erect shoots devoiding of leaves, ex-
cept for their apical region in which clusters of 5–8 small
leaves exist (Figure 1A). These leaves have an average sur-
face area on each side of 93.7 ± 6.7 mm2 and also a whitish
appearance owing to their covering with a dense indumen-
tum of dendroid non-glandular hairs. By the end of winter,
the apical leaves dry and fall, and the same happens later to
the shoot axes. At the beginning of spring, buds at the base
of the plant break dormancy and generate many shoots,
which during spring and summer progressively increase
in length to 18.1 ± 2.3 cm. Summer shoots bear large leaves
with an average surface area on each side of 408.6 ±
49.2 mm2, i.e. summer leaves are about 4.5 times larger
compared to winter leaves (Figure 1A and B). By the
end of June, at the apex of each shoot an inflorescence
(spike) is initiated; it becomes fully-developed by the end
of July. When winter enters, inflorescences become dry
and drop along with the large lower leaves of the shoots.
The only leaves to remain on the shoots are the apical
small leaves with which the plant spends the winter period.
Scanning Electron Microscopy (SEM) revealed that O.
dictamnus leaves bear on both surfaces glandular and
non-glandular hairs (Figure 2). Glandular hairs comprise
peltate and capitate hairs, while non-glandular hairs den-
droid hairs. The latter occur in higher numbers on win-
ter leaves and on the lower leaf side (Figure 2C and D).Figure 1 Origanum dictamnus. Winter plant (A) and summer plant (B) inStomata have a higher density on winter leaves compared
to summer leaves (Table 1). They are of the diacytic type
and project over the epidermal level (Figure 3B).
Anatomical studies on O. dictamnus leaves disclosed that
winter leaves are much thicker than summer leaves, a fact
mainly due to the higher relative volume of the spongy
parenchyma (Figure 3 and Table 1). Vacuoles of epidermal
and mesophyll cells of winter leaves are full of dark pheno-
lics (Figure 3A), which under the electron microscope
appear to have a fine-granular substructure (Figure 4A).
Vacuoles of summer leaf cells are devoid of phenolics
(Figures 3B and 4B). Chloroplasts in winter leaves are
inferior to those in summer leaves as concerns their
number per mesophyll cell section, the relative volume
of grana per chloroplast, and the relative volume of starch
grains per chloroplast (Figure 4 and Table 2).
Measurements of gas exchange parameters revealed that
photosynthesis, transpiration, stomatal conductance, and
intercellular CO2 are remarkably higher in summer leaves
compared to winter leaves (Figure 5). The same holds
for concentration of chlorophyll a and b (Table 3). Measure-
ments of stress indicators such as proline and soluble sugars,
revealed higher concentration values in winter leaves than in
summer leaves (Table 3).
Quantitative analyses of leaf essential oils of O. dictamnus
showed that summer leaves have a higher essential oil yield
(2.78%, i.e. 2.78 ml per 100 g leaf D.W.) than winter leaves
(1.05%) (Table 4). Qualitative analyses of winter and sum-
mer oils disclosed the presence of 55 compounds account-
ing for 98.8-99.8% of the total oils (Table 4). Both types
of oils contain as principal components p-Cymene, γ-
Terpinene, Borneol, and Carvacrol. The major constituent
of winter oil is p-Cymene (59.2%), followed by Borneol
(9.2%), Carvacrol (8.3%), and γ-Terpinene (0.9%). The
major constituent of summer oil is Carvacrol (42.4%),
followed by p-Cymene (18.5%), γ-Terpinene (16.6%), and
Borneol (2.3%).the field. Compare the density and size of shoots and leaves.
Figure 2 Origanum dictamnus. Stems of dendroid non-glandular hairs on the upper side of winter leaf (A) and summer leaf (B). In winter leaf, stems
are denser and thicker. Networks of thin branches of dendroid non-glandular hairs on the lower side of winter leaf (C) and summer leaf
(D). In winter leaf, network is much denser. Bars in μm.
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Origanum dictamnus has been reported to be endemic
to the island of Crete (southern Greece) [14]. Though be-
ing endemic to a region with warm climate, the plant was
proved to be able to also grow under cold climatic condi-
tions, as those of northern Greece, where the plant was
moved by human intervention. This adaptive flexibility of
O. dictamnus may be due, according to Christodoulakis
[15], to the fact that the plant possesses the potential to
alter a number of leaf traits (density of stomata, density of
glandular and non-glandular hairs, size and thickness of
leaf lamina, etc.) by using a large pool of genetic informa-
tion. In the study region, summer plants of O. dictamnus
do not appear to undergo stressing climatic pressure due
to heat and drought, since summer weather conditions aremild (average daily air temperature 25.8°C, average daily
air humidity 60.5%, average daily rainfall 1.0 mm, for the
three years of study). Winter plants, on the contrary,
undergo climatic stress, principally due to low air
temperature (average daily air temperature 7.9°C for the
three years of study). Winter plants, therefore, in their
effort to adapt to cold (chilling) stress, develop a series of
functional and structural modifications, which reflect the
adaptive flexibility of the plant. These comprise:
1. Abscission from the shoots of all large leaves.
With this strategy plants avoid exposure to
low temperatures of a large foliage surface
area, which might result in cell dehydration
and plant necrosis.
Table 1 Morphometric assessments of expanded leaves





Leaf length (mm) 10.8 ± 3.1a 23.4 ± 8.8b
Leaf width (mm) 10.1 ± 2.5a 21.7 ± 6.9b
Leaf surface area (on each side) (mm2) 93.7 ± 6.7a 408.6 ± 49.2b
Leaf thickness (μm) 254.5 ± 25.6a 190.1 ± 17.9b
Relative volume percentage of leaf upper
epidermis (leaf cross section)
12.8 ± 2.1a 12.5 ± 1.4a
Relative volume percentage of leaf
palisade parenchyma (leaf cross section)
53.2 ± 9.3a 52.9 ± 10.6a
Relative volume percentage of spongy
parenchyma (leaf cross section)
29.3 ± 4.7a 23.3 ± 1.8b
Relative volume percentage of leaf lower
epidermis (leaf cross section)
5.8 ± 0.6a 4.1 ± 0.7b
Density of stomata on the upper leaf
side (No mm−2)
* *
Density of stomata on the lower leaf
side (No mm−2)
564.4 ± 81.1a 458.2 ± 66.3b
Density of peltate glandular hairs on the
upper leaf side (No mm−2)
3.5 ± 2.0a 4.6 ± 1.4b
Density of peltate glandular hairs on the
lower leaf side (No mm−2)
4.8 ± 1.4a 6.1 ± 1.4b
Means between columns with different letters are significantly different
at p < 0.05.
*Stomata on the upper leaf side are extremely limited.
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living leaves, a fact indicating that shoots are
actually alive. These leaves undergo pronounced
decrease of their size to avoid the unfavourable
effects of cold (see above).
3. Covering of the apical leaves with a thick layer of
densely distributed dendroid non-glandular hairs.
This thick layer constitutes an insulating shieldFigure 3 Origanum dictamnus. Cross-sections of winter leaf (A) and sum
epidermal and mesophyll cells. Arrows point to elevated stomata. Bars in μwhich greatly reduces penetration of the cold into
the leaf tissues.
4. Development of a thick cuticular/waxy layer on the
leaf epidermis (insulating layer, see above).
5. Filling of the epidermal and mesophyll cell vacuoles
with antioxidant phenolics that protect from
oxidative stress due to low temperatures [7,16].
6. Covering of the apical leaves with glandular hairs
secreting antioxidant essential oils [17].
7. Development of large intercellular spaces in the leaf
mesophyll that contain air having higher temperature
compared to that surrounding the leaf.
The extensive leaf abscission during winter and the pres-
ence of dormant buds at the plant base of O. dictamnus
favour the interpretation of a possible implication in win-
ter cold stress of the phytohormone abscisic acid (ABA)
[18]. ABA is also involved in stomatal closure, which
results in decline of photosynthesis, as it was observed
in winter leaves of O. dictamnus [19]. This decline is
closely correlated to morphometrical assessments, such
as the smaller number of chloroplasts per mesophyll
cell section, the smaller relative volume of grana per
chloroplast, and the lower content in chlorophyll a and b.
Measurements of concentrations of the stress indicators
proline and soluble sugars on winter and summer leaves,
revealed that their values were always significantly higher
in winter leaves.
The higher essential oil yield of summer leaves compared
to winter leaves of O. dictamnus is correlated to the higher
number of peltate glandular hairs occurring on summer
leaves. Thus, peltate hairs (and specifically their head cells)
are the only cells from all leaf tissues that possess the neces-
sary enzymatic equipment for the biosynthesis of essential
oil [20]. The higher, therefore, the number of peltate hairsmer leaf (B). Winter leaf is thicker and bears dark phenolics in the
m.
Figure 4 Origanum dictamnus. Ultrastructure of mesophyll cells of winter leaf (A) and summer leaf (B). In winter leaf, chloroplasts (cp) bear
grana (g) with a few thylakoids and occasionally individual starch grains (sg). Vacuoles (v) are filled with fine-granular phenolics. In summer leaf,
chloroplasts contain many multi-thylakoid grana and numerous starch grains. Vacuoles are devoid of phenolics. Bars in μm.
Table 2 Morphometric assessments of chloroplasts in
expanded leaves of winter and summer (±SD, n = 36)
Winter leaves Summer leaves
Number of chloroplasts
per palisade cell section
10.7 ± 2.2a 16.8 ± 3.5b
Number of chloroplasts
per spongy cell section
5.1 ± 1.4a 8.8 ± 2.3b
Relative volume (%)
of grana per chloroplast
18.3 ± 5.5a 42.1 ± 8.6b
Relative volume (%) of
starch grains per chloroplast
3.4. ± 1.2a 14.5 ± 3.7b
Relative volume (%) of
plastoglobuli per chloroplast
6.8 ± 1.6a 4.2 ± 0.9b
Means between columns with different letters are significantly different
at p < 0.05.
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derived by distillation.
Conclusion
The presented results (morphological, morphometrical,
anatomical, ultrastructural, physiological, biochemical, and
analytical) provide an elucidation for the largely deviating
appearance of winter and summer plants of O. dictamnus,
and favour the interpretation of adaptation of the plant to
cold stress.
Methods
Plant material and sampling
Origanum dictamnus L. (Lamiaceae) was studied at the
Aromatic Plant Institute, NAGREF, Thessaloniki, N. Greece
Figure 5 Origanum dictamnus. Gas exchange parameters measured in expanded winter and summer leaves. A: Photosynthetic rate.
B: Transpiration rate. C: Stomatal conductance. D: Intercellular CO2.
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region, the meteorological data in the three years of study
(2009–2011) showed that during the winter months, the
average daily air temperature was 7.9°C, the average daily
relative air humidity was 77.4%, and the average daily rain-
fall 2.4 mm. During the summer months, the climatic con-
ditions were mild (not hot and dry) with an average daily
air temperature of 25.8°C, an average daily relative air hu-
midity of 60.5%, and an average daily rainfall of 1.0 mm.
Meteorological data were provided by the Meteorological
Station of the Farm of the School of Agriculture, Aristotle
University of Thessaloniki, Thessaloniki, Greece. Winter
sampling was performed in January and summer sampling
in June. Fully-developed leaves from the 3rd node (from
the basis) of annual shoots were used.Table 3 Concentrations of different substances in leaves
of winter and summer (±SD, n = 9)
Winter leaves Summer leaves
Proline (μmol g−1 F.W.) 1.7 ± 0.2a 0.9 ± 0.1b
Soluble sugars (μmol g−1 F.W.) 38.5 ± 6.7a 29.3 ± 4.6b
Chlorophyll a + b (mg g−1 F.W.) 0.3 ± 0.07a 1.4 ± 0.1b
Chlorophyll a + b (mg g−1 D.W.) 2.3 ± 0.4a 4.7 ± 0.8b
Means between columns with different letters are significantly different
at p < 0.05.Leaf blade area
Leaf dimensions and surface area were measured separ-
ately for the winter and summer plants in each of the
three years of study (a total of 36 measurements for winter
and 36 for summer). Leaf surface area was measured with
an MK2 leaf area meter (Delta-T Devices Ltd, Cambridge,
UK) connected to a TC 7000 camera (Burle Industries
Inc., Lancaster, PA, USA).
Microscopy (LM, TEM, SEM)
A sample of 10 leaves was used for Light Microscopy
(LM) and Transmission Electron Microscopy (TEM), and
another sample of five leaves for Scanning Electron
Microscopy (SEM). Leaf samples were separately col-
lected from winter and summer plants each year. Pieces of
leaves for LM and TEM were pre-fixed for 3 hrs with 5%
glutaraldehyde in 0.05 M phosphate buffer (pH 7.2) and
post-fixed for 4 hrs with 2% osmium tetroxide, similarly
buffered. The temperature in all solutions was kept at 0°C
to avoid leaching of phenols during fixation. Fixed samples
were dehydrated in an ethanol series (50–100%) and
finally embedded in Spurr’s resin. Semi-thin sections
(1 μm thick) for LM were obtained with a Reichert Om
U2 microtome (Reichert Optische Werke AG, Vienna,
Austria), stained with Toluidine blue O and photographed
on a Nikon Eclipse i80 microscope (Nikon Instruments,
Table 4 Qualitative and quantitative compositions (%) of






α-Thujene 926 n.d. 0.4 AI, MS
α-Pinene 932 n.d. 0.3 AI, MS, Co-GC
Camphene 946 n.d. 0.2 AI, MS
Sabinene 972 n.d. 0.1 AI, MS
β-Pinene 974 n.d. 0.1 AI, MS, Co-GC
1-Octen-3-ol 980 0.2 0.1 AI, MS
3-Octanone 988 0.3 0.2 AI, MS
β-Myrcene 991 n.d. 0.6 AI, MS, Co-GC
3-Octanol 997 0.5 0.1 AI, MS
α-Phellandrene 1002 n.d. 0.1 AI, MS
Iso-Sylvestrene 1007 n.d. Tr AI, MS
α-Terpinene 1017 0.1 1.7 AI, MS
p-Cymene 1024 59.2 18.5 AI, MS, Co-GC
Sylvestrene 1026 0.1 0.5 AI, MS
γ-Terpinene 1058 0.9 16.6 AI, MS, Co-GC
Cis-Sabinene hydrate 1067 2.1 0.8 AI, MS
Terpinolene 1087 n.d. 0.2 AI, MS
p-Cymenene 1088 0.3 n.d. AI, MS
Trans-Sabinene hydrate 1095 0.5 0.2 AI, MS
Trans-Pinocarveol 1138 0.2 n.d. AI, MS
Camphor 1142 0.4 n.d. AI, MS, Co-GC
Trans-Verbenol 1142 0.4 n.d. AI, MS
Borneol 1165 9.2 2.3 AI, MS, Co-GC
Terpinen-4-ol 1176 1.2 0.8 AI, MS, Co-GC
p-Cymen-8-ol 1184 1.9 0.2 AI, MS
α-Terpineol 1190 0.2 0.1 AI, MS
Cis-Dihydro carvone 1196 0.3 0.1 AI, MS
Cumin aldehyde 1240 0.9 n.d. AI, MS
Carvacrol methyl ether 1244 0.1 n.d. AI, MS
Thymoquinone 1250 5.1 n.d. AI, MS
Bornyl acetate 1288 0.9 0.1 AI, MS, Co-GC
Thymol 1292 0.3 0.1 AI, MS, Co-GC
Carvacrol 1301 8.3 42.4 AI, MS
α-Cubebene 1349 n.d. 0.5 AI, MS
Carvacrol acetate 1374 0.8 n.d. AI, MS
α-Ylangene 1375 0.5 n.d. AI, MS
α-Copaene 1375 n.d. 4.1 AI, MS
β-Cubebene 1390 0.1 0.8 AI, MS
β-Caryophyllene 1421 0.8 3.7 AI, MS, Co-GC
Cis-Muurola-3,5-diene 1445 n.d. 0.1 AI, MS
α-Humulene 1454 n.d. 0.2 AI, MS, Co-GC
Cis-Cadina-1(6),4-diene 1462 n.d. 0.3 AI, MS
Table 4 Qualitative and quantitative compositions (%) of
the essential oils from winter and summer leaves
(Continued)
Germacrene D 1482 n.d. 0.2 AI, MS
Trans-Muurola-4(14),5-diene 1492 n.d. 0.1 AI, MS
γ-Amorphene 1495 n.d. 0.1 AI, MS
α-Muurolene 1500 n.d. 0.1 AI, MS
δ-Amorphene 1509 n.d. 0.1 AI, MS
Germacrene A 1510 0,1 n.d. AI, MS
γ-Cadinene 1516 n.d. 0.2 AI, MS
Trans-Calamanene 1525 0,1 n.d. AI, MS
δ-Cadinene 1525 0,1 1.6 AI, MS
Trans-Cadina-1,4-diene 1533 n.d. 0.1 AI, MS
α-Cadinene 1539 n.d. 0.1 AI, MS
Caryophyllene oxide 1583 2.7 0.5 AI, MS, Co-GC
1,10-di-epi-Cubenol 1616 n.d. 0.2 AI, MS
TOTAL 98.8 99.8
Essential oil yield (%) 1.05 2.78
aCompounds listed in order of elution from an HP-5 MS capillary column;
bAI: Arithmetic indices as determined on a HP-5 MS capillary column using a
homologous series of n-alkanes (C9-C25); cIdentification method: AI = Arithmetic
index; MS = mass spectrum; Co-GC = coinjection with authentic compound.
Concentrations below 0.05% are marked as Tr (traces); n.d.: not detected.
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thick) for TEM were cut using a Reichert-Jung Ultracut E
ultramicrotome, stained with uranyl acetate and lead
citrate, and examined on a Jeol JEM 1011 transmission
electron microscope (Jeol Ltd, Tokyo, Japan). For SEM,
the specimens, after fixation and dehydration, were critical-
point dried in a Balzers CPD 030 device (Balzers Union
AG, Liechtenstein) and then carbon-coated in a Jeol JEE-
4X vacuum evaporator. Observations were made with a Jeol
JSM 840-A scanning electron microscope.Morphometry
The relative volume of the leaf histological components
was assessed by projecting a square lattice of point ar-
rays, 10 mm apart, over 36 LM micrographs of leaf cross-
sections (×500) [21]. The same technique was applied to
36 TEM micrographs (×40000) to assess the volume frac-
tions of grana, starch grains, and plastoglobuli per chloro-
plast. The density of stomata on both leaf surfaces was
determined using 36 SEM micrographs (×160).Leaf gas exchange
Leaf gas exchange parameters (photosynthetic rate, tran-
spiration rate, stomatal conductance, and intercellular CO2)
were measured using a portable device (LC pro+, ADC
BioScientific, UK). Fully-developed leaves of O. dictamnus
were used. Three measurements in winter and another
three in summer were conducted every year (2009–2011).
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For estimation of chlorophyll, proline, and soluble sugars,
a total of 60 developed leaves (five leaves per plant × 12
plants) were used each year separately for winter and sum-
mer. Leaf chlorophyll content was determined after ex-
traction of leaves (0.1 g) with 15 ml of 96% ethanol in a
waterbath (78°C) for 30 min. For extract absorption (649
and 665 nm), an LKB Ultraspec II spectrophotometer
was used (LKB Vertriebs GmbH, Vienna, Austria). Total
chlorophyll concentration (chlorophyll a and b) was
assessed using the equations of Wintermans & Mots [22].
Proline and soluble sugars
Pieces of leaves (0.1 g) were placed into a glass vial con-
taining 10 ml of 80% (v/v) ethanol, and heated at 60°C
for 30 min. The extract was then filtered and diluted with
80% (v/v) ethanol up to a volume of 20 ml. The leaf con-
centrations of free proline and soluble carbohydrates were
determined in this extract following the acid ninhydrin
method and the anthrone method, respectively [23]. For
proline, 2 ml of the alcoholic extract were transferred into
a test tube and 2 ml of acid ninhydrin were added. The
test tube was maintained at 95°C for 60 min in a water-
bath and then allowed to cool at room temperature. Four
ml of toluene were added and thoroughly mixed. After
separation of the solution layers, the toluene layer was
carefully removed, placed in a glass cuvette, and absorp-
tion was measured at 518 nm. For soluble carbohydrates,
the ethanolic extract, as used for proline assay, was diluted
10 times with 80% (v/v) ethanol. The diluted extract was
added drop-by-drop in 2 ml of anthrone reagent in a test
tube (icebath) and left to mix the content. The fully-mixed
sample was incubated in a waterbath at 90°C for 15 min
and cooled. Absorbance was read at 625 nm. For proline
and carbohydrate measurements, the LKB Ultraspec II
spectrophotometer was used.
Essential oils
Leaf material was air-dried at room temperature (24°C) and
then grossly pulverized and subjected to hydrodistillation
for 2 hrs using a modified Clevenger-type apparatus. The
oil content was expressed in ml per 100 g leaf dry weight.
Essential oil analyses were performed on a Shimadzu GC-
2010-GCMS-QP2010 system operating at 70 eV. This was
equipped with a split/splitless injector (230°C) and a fused
silica HP-5MS capillary column (30 m× 0.25 mm i.d., film
thickness 0.25 μm). The temperature program ranged from
50°C to 290°C, at a rate of 4°C min-1. Helium was used as a
carrier gas at a flow rate of 1.0 ml min-1. Injection volume
of each sample was 1 μl. Arithmetic indices for all com-
pounds were determined using n-alkanes as standards [24].
Relative percentage of separated compounds was calculated
from total ion chromatogram by a computerized inte-
grator. The identification of the components was basedon comparison of their mass spectra with those of NIST21
and NIST107 [25], and by comparison of their arithmetic
indices with literature data [26]. Essential oils were often
subjected to co-chromatography with authentic compounds
(Fluka, Sigma).
Statistics
Analysis of variance (ANOVA) was performed using the
SPSS software version 19.0 program for Windows (SPSS
Inc, Chicago, USA). Significant differences between treat-
ment’s means were evaluated using the Duncan’s multiple
range test (p < 0.05).
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
VL performed the experiments. AMB designed the work and wrote the
manuscript. Both authors read and approved the final manuscript.
Acknowledgements
This work was supported by funds of the Aristotle University of Thessaloniki.
The authors are thankful to A. Patakas for gas exchange and to Dr. D. Lazari
for gas-chromatography facilities.
Received: 4 June 2014 Accepted: 17 September 2014
Published: 13 October 2014
References
1. Liolios CC, Gortzi O, Lalas S, Tsaknis J, Chinou I: Liposomal incorporation
of carvacrol and thymol isolated from the essential oil of Origanum
dictamnus L. and in vitro antimicrobial activity. Food Chem 2009,
112:77–83.
2. Daferera DJ, Ziogas BN, Polissiou MG: GC-MS analysis of essential oils from
some Greek aromatic plants and their fungitoxicity on Penicillium
digitatum. J Agric Food Chem 2000, 48:2576–2581.
3. Couladis M, Tzakou O, Verykokidou E, Harvala C: Screening of some Greek
aromatic plants for antioxidant activity. Phytother Res 2003, 17:194–195.
4. Konstantopoulou I, Vassilopoulou I, Mavragani-Tsipidou P, Scouras Z: Insecticidal
effects of essential oils: a study of the effect of essential oils extracted from
eleven Greek aromatic plants on Drosophila auraria. Experientia 1992,
48:616–619.
5. Liolios CC, Graikou K, Skaltsa E, Chinou I: Dittany of Crete: a botanical and
ethnopharmacological review. J Ethnopharmacol 2010, 131:229–241.
6. Chen L, Zhong H, Ren F, Guo QQ, Hu XP, Li HB: A novel cold-regulated
gene COR25, of Brassica napus is involved in plant response and
tolerance to cold stress. Plant Cell Rep 2011, 30:463–471.
7. Kirakosyan A, Seymour E, Kaufman PB, Warber S, Bolling S, Chang SC:
Antioxidant capacity of polyphenolic extracts from leaves of Crataegus
laevigata and Crataegus monogyna (Hawthorn) subjected to drought
and cold stress. J Agric Food Chem 2003, 51:3973–3976.
8. Aronne G, De Micco V: Seasonal dimorphism in the Mediterranean Cistus
incanus L. subsp. incanus. Ann Bot 2001, 87:789–794.
9. Christodoulakis NS: An anatomical study of seasonal dimorphism in the
leaves of Phlomis fruticosa. Ann Bot 1989, 63:389–394.
10. Christodoulakis NS, Bazos I: Leaf anatomy of three seasonally dimorphic
plants. Acta Ecol 1990, 11:291–296.
11. Christodoulakis NS, Tsimbani H, Fasseas C: Leaf structural peculiarities in
Sarcopoterium spinosum, a seasonally dimorphic subshrub. Ann Bot 1990,
65:291–296.
12. Kyparissis A, Manetas Y: Seasonal leaf dimorphism in a semi-deciduous
Mediterranean shrub: ecophysiological comparisons between winter and
summer leaves. Acta Oecol 1993, 14:23–32.
13. Margaris NS, Papadogianni P: Wirkung der Tageslänge auf die
Blattanatomie von Euphorbia acanthothamnos und ihre ökologische
Bedeutung. Beitr Biol Pflanzen 1975, 51:353–358.
14. Vrachnakis T: Trichomes of Origanum dictamnus L. (Labiatae). Phyton 2003,
43:109–133.
Lianopoulou and Bosabalidis Journal of Biological Research-Thessaloniki 2014, 21:17 Page 9 of 9
http://www.jbiolres.com/content/21/1/1715. Christodoulakis NS: The environment. Basic principles of ecology (in Greek).
Athens: Perpinias Publ; 2012:141–143.
16. Padda MS, Picha DH: Effect of low temperature storage on phenolic
composition and antioxidant activity of sweetpotatoes. Postharvest Biol
Tec 2008, 47:176–180.
17. Kouri G, Tsimogiannis D, Bardouki H, Oreopoulou V: Extraction and analysis
of antioxidant components from Origanum dictamnus. Innov Food Sci
Emerg 2007, 8:155–162.
18. Taiz L, Zeiger E: Plant Physiology. Sunderland MA: Sinauer Publ; 1998.
19. Furlan A, Llanes A, Luna V, Castro S: Abscisic acid mediates hydrogen
peroxide production in peanut induced by water stress. Biol Plant 2013,
57:555–558.
20. McCaskill D, Gershenzon J, Croteau R: Morphology and monoterpene
biosynthetic capability of secretory cell clusters isolated from glandular
trichomes of peppermint (Mentha piperita L.). Planta 1992, 187:445–454.
21. Steer MV: Understanding Cell Structure. Cambridge: Cambridge University
Press; 1981.
22. Wintermans JF, de Mots A: Spectrophotometric characteristics of
chlorophylls a and b and their pheophytins in ethanol. Biochim Biophys
Acta 1965, 109:448–453.
23. Khan AA, McNeilly T, Collins JC: Accumulation of amino acids, proline, and
carbohydrates in response to aluminum and manganese stress in maize.
J Plant Nutr 2000, 23:1303–1314.
24. van Den Dool H, Kratz PD: A generalization of the retention index system
including linear temperature programmed gas–liquid partition
chromatography. J Chromatogr A 1963, 11:463–471.
25. Massada Y: Analysis of Essential Oils by gas Chromatography and Spectrometry.
New York: Wiley & Sons; 1976.
26. Adams R: Identification of Essential oil Components by gas Chromatography/Mass
Spectroscopy. Carol Stream, Ill: Allured Publ; 2007.
doi:10.1186/2241-5793-21-17
Cite this article as: Lianopoulou and Bosabalidis: Traits of seasonal
dimorphism associated with adaptation to cold stress in Origanum
dictamnus L. (Lamiaceae). Journal of Biological Research-Thessaloniki
2014 21:17.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
